Additional index words. Asparagus officinalis, flavonoids, long-term harvest production system, open culture, soluble solids, spearhead tightness Abstract. Head tightness, soluble solid content (SSC), and rutin level were investigated in asparagus spears harvested at different lengths. We found no correlation between spear length and SSC per dry weight (DW) in spearheads. Spearheads became looser and the rutin content of the spearhead increased as spear length at harvest increased, although appearance quality decreased. These findings revealed that spears previously discarded, because their length did not meet the length specifications, contained abundant rutin. Therefore, spears for which the optimum harvesting time has been missed are a useful rutin source.
Abstract. Head tightness, soluble solid content (SSC), and rutin level were investigated in asparagus spears harvested at different lengths. We found no correlation between spear length and SSC per dry weight (DW) in spearheads. Spearheads became looser and the rutin content of the spearhead increased as spear length at harvest increased, although appearance quality decreased. These findings revealed that spears previously discarded, because their length did not meet the length specifications, contained abundant rutin. Therefore, spears for which the optimum harvesting time has been missed are a useful rutin source.
Asparagus (Asparagus officinalis L.) is a popular vegetable consumed in many regions of the world. It was previously used as a traditional medicine in both Europe and Asia and as a tonic, antipyretic, antitussive, hairgrowth stimulant, and diuretic drug in Chinese herbal medicine (Shao et al., 1997; Wang et al., 2003) .
The functional components of asparagus have recently been attracting increasing attention for adding a high value to agricultural products. Asparagus spears contain abundant functional components such as saponin and phenol carboxylic acids (Chin et al., 2002; Hartung et al., 1990; Wang et al., 2003) . Of these, rutin (quercetin rhamnosyl glucoside) has been reported to have anti-inflammatory, antitumor, and antiviral activities (Calabro et al., 2005; Heellerstein et al., 1951) as well as a high radical-scavenging capacity and roles in strengthening capillary blood vessels and inhibiting arteriosclerosis (Guo et al., 2007) . The rutin content of asparagus [300-700 mgÁkg -1 fresh weight (FW)] is similar to that of buckwheat (Maeda et al., 2005) , and 75% of the antioxidant activity of asparagus is derived from rutin (Tsushida et al., 1994) . Based on these findings, asparagus should be promoted as a rutin source and cultivation techniques to increase the rutin content may be developed in the near future.
Asparagus spears rapidly elongate and may grow by more than 10 cm a day (Maeda, 2008) , requiring collection two to three times a day in the harvest season. Spears are harvested when %30 cm long, are trimmed to 25-27 cm (the release specification in the Nagano Prefecture, the main production area in Japan) in conventional cultivation (Motoki, 2003) , and the trimmings are discarded. As the spears mature, the spearheads become loose and lose marketability. Therefore, their rapid growth may lead to a slight delay in harvesting, resulting in the whole spear being discarded. The quality of asparagus rapidly decreases during prolonged growth or after harvest (Kitazawa et al., 2011; Liu and Jiang, 2006) , and an investigation of the changes in the composition and quality under various conditions is necessary to maintain quality and functional value. The rutin content and SSC of spears vary depending on the harvest season , and the rutin concentration is reported to be highest in the spearhead (Chin et al., 2002; Maeda, 2008) . However, there are no reports measuring the rutin content in the off-specification spears, i.e., in spears that are discarded for being too long after delayed harvest during normal cultivation. Normally, when the harvest is delayed and the spearhead loosens, the entire spear is discarded. However, if the rutin content of the discarded spear or the trimmed portion is high, then a new value for the asparagus normally discarded for being of poor quality may be realized.
In this study, we investigated the influence of spear length at harvest and position in the spear (from the base to the spear tip) on rutin content. We also investigated the effect of these factors on a quality index based on appearance, spearhead tightness, and SSC (Brix value), which is closely associated with flavor (Kohmura and Watanabe, 2005) .
Materials and Methods
Cultivation method. The test material was asparagus 'UC157' grown for 3 years under a long-term harvest production system on cultivated land in the former Nagano Vegetable and Ornamental Crops Experiment Station. Cultivation conditions were as follows: height of 346 m above sea level, alluvial clay loam, pH 6.5, 0.123 dSÁm -1 electrical conductivity, and 3.1% humus content. The cultivation pattern was singlerow planting with a row width of 150 cm, a bed width of 80 cm, and 30-cm plant spacing with a planting density of 22,222 plants/ha. Chemical fertilizer (200N-87.4P-166K) was used as a basal manure before the permanent planting of 1-year-old plants and before sprouting of 2-and 3-year-old plants. Additional fertilizer (50N-41.5K) was provided every 2 weeks during June to August of every year. Plants were watered only by rainfall. To prevent lodging, plants were supported by ridging, stems were supported with stakes, and lower branches were cut back to 50 cm from the ground. All other cultivation management followed the standard procedure of the test station (Motoki et al., 2004) .
Quality of asparagus spears harvested at different lengths. Spears of length 8, 16, 24, 32, 40, 48, 56, or 64 cm were harvested at 0900 HR on 8 May 2009 (spring harvest), and the top 8 cm of each spearhead was analyzed. The properties of spears classified according to their length at harvest are shown in Table 1 .
Quality of different sections of the asparagus spear. Fifty-six-centimeter spears were harvested at 0900 HR on 28 Aug. 2009 (summer to fall harvest) under the assumption of a delayed harvest. Spears were cut into seven 8-cm sections and analyzed. The properties of the different sections are shown in Table 2 .
Estimation of spearhead tightness. The tightness of the scales in the spearheads was evaluated and is described in Table 3 . The tightness parameter was calculated using the following formula:
where S represents the symptom scores, N represents the number of spears with each symptom score, and n is the total number of spears. Six spears were evaluated for each spear length tested. Water content. The water content was measured by comparing the weight before and after drying for 2 d in a low-temperature fan dryer (FC610; Toyo Engineering Works, Tokyo, Japan) at 70°C. Two sets of three spears were analyzed for each spear length at harvest or for each spear section.
Soluble solids content. The SSC per FW was calculated from measurements of juice extracts using a digital refractometer (PR-101; ATAGO, Tokyo, Japan). The SSC per DW was also calculated using the water content measurements. Two sets of three spears were analyzed for each spear length at harvest or for each spear section.
Rutin content. Spear samples were frozen at -40°C, and rutin was extracted from frozen samples. Because rutin is mostly concentrated in the spearheads (Chin et al., 2002; Maeda, 2008) , this section was specifically examined to investigate differences in rutin content associated with spear length at harvest. Samples of frozen spears (5 g) were combined with 5 mL of water and 40 mL of methanol, homogenized using a mortar and pestle, filtered through filter paper (No. 5A, Advantec MFS, CA), then filtered through a membrane filter (pore size 0.45 mm; Advantec MFS, CA), and the final sample volume was adjusted to 50 mL with methanol. Twenty microliters of sample extract was injected into a high-performance liquid chromatography (HPLC) system (fitted with a 20AB pump and a SPD-6A detector; Shimadzu, Kyoto, Japan). HPLC conditions were 1.0 mLÁmin -1 flow rate, 40°C column temperature, an Inertsil WP300 C18 column (4.6 · 250 mm; GL Sciences Inc., Tokyo, Japan) with a security guard cartridge (3.0 · 4.6 mm), 5 acetic acid:24 acetonitrile:71 water (by volume) mobile phase, and a 354-nm detector wavelength. A calibration curve was prepared using pure rutin solution (Wako Pure Chemical Industries, Osaka, Japan), and the rutin content was calculated from the peak area. The rutin content per FW and DW was calculated in the same way as SSC. Three sets of three samples were analyzed for each spear length at harvest or for each spear section.
Statistical analysis. The Tukey-Kramer test was performed using Statcel software Version 2 (OMS Publishing, Saitama, Japan) to identify significant differences (P < 0.05) in the SSC and rutin contents of different segments.
Results and Discussion
Effect of spear length of on asparagus quality. We observed that spearheads loosened as spear length at harvest increased but that spearheads remained tight up to a length 16 cm at harvest (Fig. 1) . The water content ranged from 88.1% to 90.6% and decreased as spear length increased (Fig. 2) . In addition, the SSC per FW of the 8-cm tip section increased as the length increased (Fig. 3A) . In contrast, the SSC per DW inversely correlated with spear length (R 2 = 0.25; Fig. 3B ). Considering that the water content decreases as spear length increases (Fig. 2) , the increase in SSC per FW may be an artifact of water loss.
As spear length increased from 8 cm to 64 cm, the rutin content in fresh and dry spears increased from 357 mgÁkg -1 FW to 1041 mgÁkg -1 FW and from 3758 mgÁkg -1 DW to 8897 mgÁkg -1 DW, respectively ( Fig.  4A-B) . The distribution of rutin content in asparagus is known to vary among different organs and tissues. For example, abundant rutin is present in tissues near the epidermis, whereas no rutin is present in the pith (Suzuki et al., 2004) . We observed that the spearhead of asparagus loosens as spear length increases (Fig. 1) and cladophylls appear, thus increasing the ratio of epidermis to spear volume, which may be responsible for the increased rutin content. Previous reports indicate that the rutin content of asparagus is reduced by shading (Kohmura et al., 2008) . In addition, Maeda (2008) suggests that rutin plays a role in the antioxidant defense against solar ultraviolet radiation. It is thought that spearheads, which include the apical meristem, contain higher amounts of rutin than other parts of the plant. We therefore investigated whether the rutin content increases as spear length increases, thus correlating with spearhead loosening and decreased water content.
Effects of the different parts of the asparagus spear on its quality. The spearhead tightness score of the 8-cm head section of 56-cm spears was 5 (Table 3) , which is similar to the value determined in our previous study (data not shown). The water content of the spear sections was 89.9% near the top of the spearhead, 91.2% to 92.8% in the middle sections, and 90.1% in the basal part, thus indicating slightly higher water content in the middle of the spear (data not shown). The FW SSC was 82 gÁkg -1 FW in the top 8-cm section and 57-62 gÁkg -1 FW in all other sections, thus indicating a higher SSC content near the spear tip (Fig. 5A) . The DW SSC was also slightly lower in the more basal sections (616 gÁkg -1 DW in the 48-to 56-cm section and 659 gÁkg -1 DW in the 40-to 48-cm section). However, no differences in FW or DW SSCs were observed among different sections in the middle of the spear (%32 cm from the top) (Fig. 5A-B) . Furthermore, the FW rutin content was 490 gÁkg -1 FW in the top 8 cm of the spear and 55-181 gÁkg -1 FW in all other sections, indicating that rutin was markedly concentrated in the spearhead (Fig.  6A) . A similar pattern was noted for the rutin DW content (Fig. 6B) . It was previously reported that rutin content in the spearhead is the highest in spears of the normal cultivation specification length (25 cm; Maeda, 2008) , Fig. 4 . Relationship between spear length and rutin content. Rutin content (mgÁkg -1 ) of fresh (A) or dry (B) weight. Each value shows the mean value of three replications. but we also found that this was true for spears longer than the specification length. When the rutin distribution was measured in spears of different lengths, the rutin content of the spearhead section of 56-cm spears was found to be 971 mgÁkg -1 FW (Fig. 4A ) and 8160 mgÁkg -1 DW (Fig. 4B ), but the rutin content in the top 8 cm of a 56-cm spear was 490 mgÁkg -1 FW (Fig. 6A ) and 4865 mgÁkg -1 DW (Fig. 6B) , that is 51% and 60% lower, respectively. It was previously clarified that the asparagus rutin content shows seasonal variation and that the rutin content of asparagus from the summer to fall harvest is lower than that harvested in the spring (Maeda, 2008) . The differences we observed in this study may therefore be the result of seasonal variations in rutin content.
This study found that rutin is abundant in off-specification asparagus spears, which are usually discarded, therefore indicating that spears for which the optimum harvesting time has been missed can still be effectively used as a rutin source. It has also been reported that protodioscin, a type of saponin, is present at high levels in the basal section of spears, which is usually discarded during normal trimming of the spears (Wang et al., 2003) . Together with our findings, these data indicate that the unused parts of asparagus have an unforeseen value and that less of the spear should be trimmed and less asparagus should be rejected in the future.
